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Abstract 
In order to improve compatibility and composite properties of pineapple leaf fibers/polyamide 6 composite, alkaline and silane 
treatments were conducted for fiber modification. Effect of fiber surface treatment on the properties of the composites was 
investigated. Untreated and treated fibers were raw (R-PALF), alkaline treated (Na-PALF) and silane treated pineapple leaf fibers 
(Si-PALF). Fiber loading was varied in polyamide 6 based composite. Morphology and fiber-matrix interfacial adhesion, thermal 
and mechanical properties were examined. Surface treatments can improve interfacial adhesion between these two phases. All 
PALFs have enhanced thermal stability of all composites. However, thermal characteristics of the composites, i.e. Tc, Tm and 
crystallinity, have not been affected by PALF types. Na-PALF and Si-PALF help improving mechanical properties of the 
composites. Young’s modulus and tensile strength have been increased whereas elongation decreased by both treated PALFs 
which indicates that the composites become stiffer and stronger but less flexible. From the results, it could be stated that alkali 
treatment is sufficient to improve compatibility and properties of the PALF/polyamide 6 composites at fiber loading of 30 %wt. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of COE of Sustainalble Energy System, Rajamangala University of Technology Thanyaburi 
(RMUTT). 
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1. Introduction 
Petroleum and natural gas are raw materials for plastic manufacturing. They are assumed to depletion in next 40-
60 years [1] giving a lot of attention in eco-friendly and sustainable industry. Natural abundant materials such as 
cellulose fiber in partial replacement for petroleum-based plastic material as a natural fiber reinforcement in a 
composite have been wildly utilized. Not only composite weight reduction but natural fiber also reduces cost, 
increases productivity and improves mechanical properties of the product [2,3]. The major components of natural 
fiber consist of cellulose, hemicelluloses, and lignin. Cellulose is a group of microfibrils formed from D-glucose 
units joined by ȕ-1,4-glycosidic linkage and held between chains by hydrogen bond giving its high ordered structure 
and strong properties. Hemicellulose is a group of polysaccharides of pentose and hexose. It is a supportive part for 
cellulose microfibril. Lignin consists of phenolic component which is amorphous structure. It stabilizes and protects 
microfibril [4]. The advantages of natural fiber are excellent specific stiffness and strength with its low density and 
low cost because of its natural abundance [5]. 
Thailand is one of the major countries in the world for pineapple production [2,6]. Tons of pineapple leaf have 
become agricultural wastes after harvesting which have been interested for value adding. Pineapple leaf fiber 
(PALF) consists of cellulose about 70-80 %wt giving its high specific modulus and strength [2,4,7]. It can be an 
efficient reinforcement for different polymers [2,7-9] after its surface improvement with coupling agent. 
Compatibility of the components within the composites especially at the interfacial region, where stress transfer 
occurred, plays an important role for mechanical properties of the composite materials. Amornsakchai T. et al [2,10] 
has introduced a new extraction method called mechanical milling for preparing PALF. This method has ability to 
produce high yield, fine and short PALF to reinforce polypropylene with development in mechanical properties as 
well as heat distortion temperature.  
Among various polymers, polyamide 6 shows hydrophilic nature because amide groups provide hydrogen bond 
between polyamide chains. It is a semi-crystalline engineering thermoplastic which properly used for creep 
resistance, stiffness, and some toughness in requirements of applications with weight and cost saving [11] such as 
under hood applications in automotive industry [12]. Despite both polyamide 6 and PALF are hydrophilic in nature 
and showing good compatibility between them [13], the improvement of interfacial adhesion by fiber surface 
treatments has been interested to be explored.  
Alkaline treatment is widely used chemical process to remove hemicellulose and lignin components from natural 
fiber resulting in better-purified cellulose. Sears K.D. et al. [14] suggested that highly pure cellulose with 98% of Į-
cellulose could enhance its thermal stability. It is suitable for high processing temperature with engineering plastics. 
Moreover, this treatment also increases fiber surface roughness providing physical interlocking between fiber and 
matrix which affects mechanical properties of the composites [7]. Aminosilanes are one of the most commonly used 
coupling agents for producing of natural fiber reinforced polymer composites [5]. After hydrolysis process, silanol 
groups from silane compound react with hydroxyl groups of cellulose forming covalent bonds as well as amine 
groups react with functional groups of the matrix [15]. 3-Aminopropyl(diethoxy)methylsilane  (APDES) has mainly 
linear structure which attaches to fiber surfaces as well as polymer chains can easily diffuse through the silane layer 
on the fiber surface [16], thus, amine groups are accessible to react with amide groups of polyamide 6 matrix. 
The purpose of this research is to investigate the effect of fiber surface treatment on the properties of polyamide 
6/pineapple leaf fiber composites. Three kinds of PALF which were raw PALF, alkaline treated and silane treated 
PALFs were employed. Morphological study as well as thermal and mechanical properties were examined.  
2. Materials and Methods 
2.1. Materials 
Polyamide 6 with 15,000 g/mol (melt spinning grade, 1015B) was purchased from Ube, Thailand. Pineapple 
leaves were Smooth Cayenne (Ananas comosus ‘Pattawia’) obtained from cultivation area in Samroiyod, Prajuab 
Kirikhan, Thailand. Sodium hydroxide with 95% purity, commercial grade, was purchased from Better Chem 
Supply Ltd., Part., Thailand. 3-Aminopropyl(diethoxy)methylsilane (APDES) with 97% purity was purchased from 
Sigma-Aldrich, Thailand. Glacial acetic acid with 99.8% purity, AR grade, was purchased from Quality Reagent 
Chemical Co. Ltd., Thailand. 
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2.2. Pineapple leaf fibers preparation 
Fresh pineapple leaves were cut to about 5 mm long. They were immerged in tap water by 1:1 v/v. The mixture 
was then used as a feedstock for wet milling process which was a local made machine consisting of two millstones, 
rotary and stationary ones. The slurry output was added with tap water by 1:1 v/v then repeating the milling process 
for 3 times. After that, water was filtered out from the slurry and the obtained paste was dried at 70 qC for 120 h in 
an oven. To obtain PALF, the following refining process was used. The dried crumb was ground with 25,000 rpm 
rotating speed grinder (Hao Peng, China) for 45 s to break the dried crumb into loose powder. It was sieved with a 
plastic basket to separate PALF out, then re-ground for another 30 s and sieved again to ensure that PALF were got 
rid of any crumbs. PALF obtained from this preparation was called raw pineapple leaf fibers (R-PALF). Finally, the 
R-PALF was kept in plastic bags for subsequent fiber modification processes. 
2.3. Fiber modification 
2.3.1  Alkaline treatment 
Raw pineapple leaf fibers (R-PALF) from the previous preparation were immerged and stirred continuously in 5 
%wt NaOH solution at room temperature for 5 h. The weight ratio of NaOH solution per fiber content was fixed at 
30:1. Next, the mixture was neutralized by slow adding of 5 %wt acetic acid solution, and it was washed by tab 
water for several times until no alkalinity detected in washed water. Finally, it was washed by distilled water. The 
fibers were filtered and then dried in an oven at 70 ºC for 24 h. The fibers obtained from this treatment were 
designated as Na-PALF. 
2.3.2  Silane treatment 
APDES of 5 %wt (compared to Na-PALF content) was dissolved in 40:60 v/v water:ethanol mixture solution, 
then drop wise of acetic acid was added into the silane solution until its pH reached 4. The solution was stirred for 1 
h to ensure that silane was completely hydrolyzed. After that, Na-PALF was added and continuously stirred for 3 h, 
then it was washed by tab water for several times and finally washed with distilled water. The treated fibers were air 
dried for 3 days and oven dried at 70 ºC for another 24 h. The fibers obtained from this silane treatment were 
designated as Si-PALF. 
2.4. Preparation of composites 
Before compounding, neat polyamide 6 and three types of PALF were dried in an vacuum oven at 80 qC for 24 h. 
Composites with various fiber contents (0, 20, 30 and 40 %wt) were compounded by twin screw extruder 
(ENMACH SHJ-25) with temperature profile of 205/210/215/220/220/220/220 qC at screw speed of 40 rpm without 
die attached. The crumb of extrudate was ground in a mechanical grinder and the ground pellets were kept in a 
desiccator. Dumbbell shaped specimens were fabricated by injection molding (Battenfeld BA 250 CDC) with 
injection temperature and pressure of 230-250 qC and 105-135 bar, respectively, for the composites specimens. On 
the other hands, 215-220 qC and 95 bar were set for neat polyamide 6 specimens. Mold temperature and cooling 
time were fixed at 40 qC and 20 s, respectively.  
2.5. Characterization and testing 
Morphology: Surface and size of different PALFs and fractured surface of the composites were observed under a 
scanning electron microscope (SEM) (CamScan MX2000, UK and Hitachi S-3400N Type II, Japan). Composite 
specimens were immerged in liquid nitrogen then fractured. Their surfaces were gold coated to avoid electrostatic 
charging. 
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Thermal stability of raw materials and composites were conducted by thermogravimetric analyzer (TGA) 
(Perkin-Elmer TGA7). The samples were heated from 50 to 550 qC at heating rate of 20 qC/min under nitrogen 
atmosphere. 
Thermal characteristics of neat polyamide 6 and composites were carried out by using differential scanning 
calorimeter (Mettler Toledo DSC 1, Switzerland). Specimens were heated from 30 to 260 qC at heating rate of 10 
qC/min under nitrogen atmosphere. Crystallization temperature, melting temperature and crystallinity were 
examined. Crystallinity was calculated according to Eq.1 [17]: 
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where ¨Hf is the apparent melt enthalpy of PALF/polyamide 6 composite, ¨HfÛ is the melt enthalpy of 100% 
crystalline polyamide 6 (190 J/g) [12], and wPA6 is the weight fraction of polyamide 6 containing in the composite. 
Mechanical properties: Tensile test was carried out according to ASTM D698 on a universal testing machine 
(Instron Model 5969, USA) with a 5 kN load cell. Before testing, the specimens of neat polyamide 6 and composite 
were conditioned in an oven at 60 qC and kept in a desiccator for 24 h. The crosshead speed was set at 5 mm/min.  
3. Results and Discussion 
3.1. PALFs surface and composites fractured surface morphologies 
Fig. 1 displays surface morhphology of PALF with different treatments. Fig. 1a shows the surface of R-PALF 
with average diameter of about 100 ȝm. The bundles are compacted with cement components such as lignin and 
hemicelluloses [7]. It reveals continuous surface along the fibers as well as no fibrillation occurred. For Na-PALF, 
fiber surface roughness and surface area increase after alkaline treatment as shown in Fig. 1b. It possesses smaller 
average diameter of about 44 ȝm. Each single fibril can be clearly observed because of removal of some impurities 
through alkaline treatment. The smoothest fiber surface is exhibited in Si-PALF as shown in Fig. 1c. It could be 
suggested that there is thin layers of siloxane deposited on the alkaline pre-treated fiber (Na-PALF) via silane 
treatment. Si-PALF is about 49 ȝm average diameter.  
 
 
 
 
 
 
 
 
Fig.1. SEM micrographs of different pineapple leaf fibers (PALF): (a) R-PALF, (b) Na-PALF and (c) Si-PALF.  
The scale bar indicated in each image is of 200 μm long. 
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Fig.2. SEM micrographs of cryo-fractured surface of PALF/polyamide 6 composites at various fiber loadings: (a) pure polyamide 6; R-PALF (b) 
20 %wt, (c) 30 %wt and (d) 40 %wt; Na-PALF (e) 20 %wt, (f) 30 %wt and (g) 40 %wt; Si-PALF (h) 20 %wt, (i) 30 %wt and (j) 40 %wt. 
The fractured surface and interfacial adhesion between PALF and polyamide 6 in the composites are 
demonstrated in Fig.2. Polyamide 6 shows relatively ductile characteristic which can be seen in Fig 2a. Fig. 2b-2j 
show fractured surface morphology of the composites. In R-PALF composite system, fiber breakage and no fiber 
pulled-out can be observed indicating that poor interfacial adhesion occurred between the two phases. Na-PALF 
system exhibited similar behavior to those of R-PALF system, however, some polyamide 6 covered Na-PALF 
surface could be observed. This may be due to the increment in the effective fiber surface area and surface 
roughness which are available for interaction with the matrix after removal of some lignin and hemicallulose by 
alkaline treatment. Si-PALF surface has been obviously covered by polymer matrix leading to better stress transfer 
in this composite system. Good fiber dispersion in the all composites has been obtained in spite of fiber content as 
high as 40 %wt. 
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Table 1 Onset and degradation temperatures of raw materials and           Table 2 Thermal characteristics of neat polyamide 6 and different 
different   PALF/polyamide 6  composites  obtaining  from  TGA             PALF/polyamide 6 composites obtaining from DSC thermograms 
thermograms 
Sample Tonset (qC) Td,1 (qC) Td,2 (qC) 
 
Sample Tc (qC) Tm (qC) Crystallinity (%) 
R-PALF 
Na-PALF 
Si-PALF 
PA 6 
R-PALF 20 
R-PALF 30 
R-PALF 40 
Na-PALF 20 
Na-PALF 30 
Na-PALF 40 
Si-PALF 20 
Si-PALF 30 
Si-PALF 40 
287.09 
329.63 
330.33 
419.23 
329.66 
327.75 
319.69 
349.07 
347.03 
344.90 
348.64 
346.41 
343.50 
333.54 
363.62 
357.96 
- 
362.52 
366.44 
353.93 
383.35 
376.58 
375.41 
379.53 
373.32 
371.56 
446.58 
- 
- 
443.83 
440.11 
439.01 
432.12 
447.13 
444.84 
439.94 
440.62 
434.42 
423.80 
PA 6 
R-PALF 20 
R-PALF 30 
R-PALF 40 
Na-PALF 20 
Na-PALF 30 
Na-PALF 40 
Si-PALF 20 
Si-PALF 30 
Si-PALF 40 
185.82 
187.13 
186.70 
185.12 
188.35 
188.80 
188.77 
188.68 
188.88 
187.73 
218.90 
219.44 
220.56 
219.12 
219.52 
220.88 
220.69 
220.35 
220.80 
219.21 
41.26 
42.09 
44.63 
48.32 
38.71 
40.74 
38.18 
39.73 
42.97 
39.56 
3.2. Thermogravimetric analysis (TGA) 
Thermal stability of PALFs and PALF/polyamide 6 composites at various fiber contents are tabulated in Table 1. 
R-PALF possesses two-step thermal decomposition; the first step around 230 - 360 qC with Td,1 at 333.54 qC is due 
to decomposition of hemicellulose and cellulose. The second step ranging from 360 to 500 qC with Td,2 at 446.58 qC 
is from decomposition of lignin. While Na-PALF and Si-PALF display Td,1 obviously higher than R-PALF with no 
Td,2. The results agree well with other researches [18,19]. After alkali treatment, some hemicellulose and lignin were 
dissolved and removed from the raw fiber. The remaining cellulose which occupies crystalline structure [4] leads 
Na-PALF a better thermal stability than R-PALF. TGA thermogram of Na-PALF shows narrow single step from 
250 - 380 qC with Td,1 at 363.62 qC. It may be implied that thermal stability of R-PALF could be improved by alkali 
treatment. Moreover, Na-PALF also shows slightly higher thermal stability than Si-PALF which is about 5 qC above. 
In addition, both treated fibers have almost the same onset temperature (Tonset) but 50 qC higher than untreated one.  
Polyamide 6 has Tonset as high as 420 qC which is much higher than that of all fiber reinforced composite systems. 
In addition, Tonset and Td,1 of treated fiber reinforced composite systems is higher than those of untreated one. Fiber 
content also has an effect on thermal stability of the composites. With increasing fiber content, thermal stability 
becomes reduced trendily. This is caused by the presence of low thermal stability of PALFs [9]. Whereas, Na-PLAF 
composite system possesses the highest Td,1 and Td,2 (fiber and matrix decomposition, respectively) among other 
composites studied. This could be suggested that fiber treatments help improving thermal stability of the 
composites. This would be related to fiber-matrix interfacial interaction. 
3.3. Scanning differential calorimetric analysis (DSC) 
Crystallization temperature (Tc), melting temperature (Tm), and crystallinity of neat polyamide 6 and 
PALF/polyamide 6 composites at various fiber loadings are presented in Table 2. Crystallization of polyamide 6 
composites, especially the composites reinforced with treated fibers, occurs at higher temperature than that of neat 
polyamide 6. Thus, PALFs could induce polyamide 6 to crystallize faster than homogeneous crystallization itself.  
Melting temperature of polyamide 6 composites showed relatively similar to or slightly higher than that of neat 
polyamide 6. This indicates that crystallite size of polyamide 6 in all materials are nearly identical and has not been 
affected by mean of fiber modification and fiber loading.  
Untreated fiber reinforced composites possesses the highest crystallinity. Crystallinity of treated fiber reinforced 
composites have relatively closed to that of neat polyamide 6. This could be interpreted that strong interfacial 
interaction between matrix and fibers after surface treatment decreases the degree of regularity of polymer chain and 
causes decreasing in crystallinity [20]. Fiber content has no significant effect on Tc and Tm of the composites, 
however, has small effect on crystallinity but more obvious in R-PALF composite system. 
 
412   Kloykamol Panyasart et al. /  Energy Procedia  56 ( 2014 )  406 – 413 
                         Table 3 Tensile properties of neat polyamide 6 and different PALF/polyamide 6 composites 
Sample Young’s modulus (MPa) 
Tensile strength 
(MPa) 
Elongation at break 
(%) 
PA 6 
R-PALF 20 
R-PALF 30 
R-PALF 40 
Na-PALF 20 
Na-PALF 30 
Na-PALF 40 
Si-PALF 20 
Si-PALF 30 
Si-PALF 40 
1,007.7 ± 51.4 
1,420.0 ± 41.0 
1,600.0 ± 27.7 
1,962.5 ± 50.1 
1,540.0 ± 36.0 
1,820.0 ± 49.1 
2,040.8 ± 40.1 
1,570.0 ± 35.9 
1,848.5 ± 48.1 
2,091.3 ± 49.6 
62.3 ± 2.1 
67.6 ± 1.8 
70.9 ± 0.9 
68.6 ± 2.2 
73.7 ± 1.5 
78.2 ± 2.1 
73.5 ± 2.2 
75.3 ± 1.4 
81.8 ± 1.3 
79.6 ± 2.7 
46.8 ± 4.1 
10.3 ± 0.4 
8.2 ± 0.3 
5.2 ± 0.3 
9.5 ± 0.3 
8.0 ± 0.3 
5.6 ± 0.3 
10.8 ± 0.3 
7.9 ± 0.2 
6.0 ± 0.3 
3.4. Composite tensile properties 
The tensile properties of neat polyamide 6 and PALF/polyamide 6 composites at various fiber contents are 
tabulated in Table 3. Young’s modulus of neat polyamide 6 is much lower than that of PALF/polyamide 6 
composites having PALFs as reinforcing agents (PALF has Young’s modulus of 6,210 MPa and tensile strength of 
170 MPa [21].). In addition, treated fiber reinforced composites exhibit higher Young’s modulus than that of 
untreated one at related fiber content. Surface treatment could improve the stiffness of fibers and accelerate the 
reorganization of fibrils along the direction of tension force after removal of binding materials by alkali treatment 
[3]. Moreover, higher Young’s modulus could be also contributed from higher crystallinity (shown in DSC results) 
affecting the stiffness of semi-crystalline polymers [22]. However, treated fiber composites show higher Young’s 
modulus even though they possesses lower crystallinity than untreated system at equal fiber content. This may be 
due to treated fiber systems with high fiber loading exhibit more significant effect on Young’s modulus than the 
crystallinity of polyamide 6 in their composites does. 
Tensile strength is mainly governed by interfacial adhesion [13]. Load which has been applied directly to the 
matrix at the composite’s surface is transferred to the reinforcing fibers nearest the surface then continuously 
transfer the stress from fiber to fiber through matrix and interface [4]. Tensile strength of the PALF reinforced 
composites has been clearly improved when compared to that of neat polyamide 6. These can be ascribed by strong 
interfacial adhesion and consequently good load transfer between fiber and matrix [20] which lead to high tensile 
strength. The most effective stress transfer is obtained from all PALF/polyamide 6 composite systems containing 30 
%wt PALF. Excess fiber content causes decreasing in tensile strength which was resulted from fiber agglomeration. 
Fiber agglomeration occurred by increasing in fiber-fiber interaction [23] and poor fiber dispersion [4] may act as a 
defect or barrier of stress transfer within the composites. Si-PALF/polyamide 6 composite exhibits the most 
interfacial adhesion because of combination of two treatments: i) alkali treatment, which help removing of natural 
impurities and producing roughness, causes better fiber–matrix mechanical interlocking [24] and ii) consecutive 
silane treatment, which siloxane linkage between fiber and matrix takes place, causes better fiber-matrix chemical 
bonding. However, tensile strength of Si-PALF/polyamide 6 composite is slightly higher than that of Na-PALF 
composite system because mechanical interlocking is more effective than chemical bonding for improving fiber-
matrix interfacial adhesion. The result is similar to the research of Yu T. et al. [20] studying about the effect of alkali 
and silane surface treatments on the mechanical properties of PLA/ramie composite.  
Elongation at break refers to material ductility. Elongation at break of PALF/polyamide 6 composites 
significantly decreases as compared to neat polyamide 6, in addition, it also decreases with PALF content increment. 
It could be suggested that the fibers impede a mobility and slippage of polymer molecules [9] while the composites 
were being tensile tested. However, PALF type has not affected the elongation at break of the composites 
considering at the same fiber loading. 
4. Conclusions 
Alkali and silane treatments were conducted to treat the PALF surfaces before melt compounding with polyamide 
6. Three types of pineapple leaf fiber which were R-PALF, Na-PALF and Si-PALF were used in this study. Effect 
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of fiber treatment on the properties of the PALF/polyamide 6 composites had been investigated. Treated fibers have 
superier interfacial adhesion over untreated one. Alkaline and silane treated fibers possess rather similar effect on 
the composite properties. The proper fiber treatment and fiber loading in this study would be suggested to alkaline 
treatment and 30 %wt, respectively, for the most enhancement in mechanical and thermal properties even though the 
silane treated fibers exhibits a bit more improvement than alkaline treated one. 
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